In this work, zeolite X, a benchmark adsorbent for carbon capture, has been successfully prepared from low cost waste minerals namely laterite residue and bauxite using alkali fusion process followed by hydrothermal treatment. The structure and morphology of the assynthesized zeolite X were verified and characterized with a range of experimental techniques such as x-ray diffraction, scanning electronic microscopy and infrared spectroscopy. The surface area and (N 2 and CO 2 ) gas adsorption isotherms of this product were found comparable to that of commercial ones, demonstrating the effectiveness of synthesizing zeolite X from laterite and bauxite. Further improvement of the product purity was also accomplished by optimizing the process conditions.
3 treatment, because otherwise the large ratio of Si/Al in the laterite residue would inhabit the formation of zeolite X during the hydrothermal reactions.
The ultimate aim of this work was to develop a new route to utilize the laterite residue for the production of zeolites that can be used for CO 2 capture from flue gas streams. To obtain high purity of zeolite X, the molar ratios of the components in the starting materials and during the hydrothermal treatment should be carefully controlled. The optimum synthesis procedure was established in this study, and the carbon capture potential of our as synthesized products was also investigated.
Experimental

Synthesis
Laterite residue and bauxite was obtained from Sichuan Province (China) and Indonesia, respectively. The chemical compositions of laterite residue, bauxite and prepared zeolite X were analyzed by XRF ( ZSX100e, Rigaku) and described in Table 1 showing 39.1wt.% Si and 1.2wt% Al in laterite residue and 8.7wt.% Si and 31.5wt.% Al in bauxite. For comparison purposes, commercial zeolite X beads were also purchased from Sinopharm Chemical Reagent Co., Ltd.
The synthesis procedure for zeolite X is summarized schematically in the flow conditions. After cooling to the room temperature, the resultant solid was filtered, washed three times with deionized water, and dried at 100 °C overnight. The synthesis conditions used with different samples are presented in Table 2 (Group A-E). Note that the optimal synthesis conditions determined from the experiments of Group A was carried on to the experiments of Group B, likewise finally to group E.
Measurement and characterization
The crystalline properties of the raw materials and the synthesized samples were examined by X-ray diffraction (XRD) using a Shimadzu X-ray diffractometer, with a scanning rate of 2°/min from 4° to 50°. FE-SEM (Field Emission Scanning Electron Microscopy) analysis was conducted by employing a Hitachi S-3400N scanning electron microscope operated at 15 kV.
All samples were platinum coated prior to measurement. BET surface areas were measured on an ASAP2020 analyzer (Micromeritics, USA) using N 2 as probe gases at 77 K in the relative pressure range of 0.05-0.25. CO 2 and N 2 adsorption isotherms were measured on ASAP2020.
Prior to analysis, all the samples were degassed under vacuum at 330 °C for 8 h. Infrared spectroscopy was performed using an Agilent Cary 600 FTIR instrument, and samples were mixed with KBr using a mortar before the measurement.
Results and discussion
Raw materials characterization
The X-ray diffraction pattern of laterite residue (Fig. 2) (Fig. 3) indicates the major crystalline phase is gibbsite, with coexistence of anatase, α-quartz, kaolinite, and hematite [22] .
The chemical compositions of the raw materials ( The XRD spectra of the zeolite products obtained at different Na 2 O/SiO 2 ratio were shown in Fig.3 (A1-A6). At the Na 2 O/SiO 2 ratio of 1.4, strong peaks of zeolite X along with weak ones of zeolite P were observed, suggesting a minor contamination by zeolite P byproduct. When a Na 2 O/SiO 2 ratio of 1.6 was used as the synthesis condition, the peaks of zeolite P disappeared, indicating any latent zeolite P was transformed into zeolite X completely during the hydrothermal reaction. When the Na 2 O/SiO 2 ratio was increased to 1.8 or higher, a large fraction of zeolite P contaminant was found in the product, while at the ratio of 2.6, a secondary contaminant sodalite was observed in addition to zeolite P. According to the XRD results of products in Group A, the optimal Na 2 O/SiO 2 ratio for attaining high purity zeolite X (product A2) is 1.6, and this optimal ratio was used throughout the entire experiments.
Effect of SiO 2 /Al 2 O 3 mole ratios
Adjusting SiO 2 /Al 2 O 3 ratio of the starting materials prior to hydrothermal reaction is an important aspect to obtain pure zeolites. Fig. 4 shows the X-ray diffraction patterns for products prepared at the ratio range from 3 to 3.8. The XRD results show that zeolite X was the main phase at this ratio range. The SiO 2 /Al 2 O 3 ratio of 3.2 was a critical ratio to synthesize pure zeolite X. At the ratio of 3, zeolite X and amorphous impurity phase were 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 obtained. However, when SiO 2 /Al 2 O 3 increased to 3.5 or higher, the peaks of zeolite P also appeared, indicating that a higher ratio of SiO 2 /Al 2 O 3 results in the formation of zeolite P.
These findings show that SiO 2 /Al 2 O 3 ratio is a key factor for the preparation of different types of zeolites, which is in good agreement with earlier report [23] . Thus, the optimum SiO 2 /Al 2 O 3 ratio was 3.2, wherein high purity zeolite X was obtained. Therefore, this ratio was used in the following study. increased to 43, the peaks of zeolite P appeared, suggesting a high H 2 O/Na 2 O mole ratio could induce the formation of zeolite P. However, XRD patterns of the sample at the H 2 O/Na 2 O mole ratio of 55 clearly show broad amorphous peaks combined with quartz and small peaks of zeolite X indicating only a few zeolite X particles were nucleated. This reveals that higher H 2 O/Na 2 O ratios may inhibit the formation of zeolite X from laterite residue and bauxite, probably because low alkalinity reduces dissolution of silicate and leads to a poor conversion to zeolites. The best zeolite X was obtained from the starting materials with H 2 O/Na 2 O mole ratio of 40, and thus, this H 2 O/Na 2 O ratio was able to be used in the following experiments. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 Aging is also an important factor for the zeolite synthesis process. In order to investigate the influence of aging time on zeolite X preparation, time-dependent synthesis was carried out and the purity of the products was examined by XRD analysis (Fig.6) . Extended aging time from 0 h to 24 h can improve the purity of the product zeolite X. In particular, pure zeolite X with high crystallinity could be obtained at the aging time of 24 h. However, further prolonging the aging time to 48 h, zeolite X was again heavily contaminated with zeolite P impurity. It suggests that aging time plays a significant role in the formation of zeolites prepared from laterite residue and bauxite. Thus, an optimal aging time of 24 h was determined for obtaining high purity zeolite X, and the aging time of 24 h was used through the rest of the study.
Effect of hydrothermal reaction time
XRD patterns of the products obtained at different reaction time were shown in Fig.7 . In the first 0.5 h, the XRD pattern of the product exhibits a very broad peak located around at 27° in 2θ, combined with some small peaks of zeolite X, suggesting the formation of amorphous aluminosilicate and a small amount of zeolite X. However, the evolution from amorphous phase into zeolite X occurred in a short time period. Zeolite X with very low impurities of amorphous phase was produced, by extending to 3 h of reaction time. Further increasing reaction time to 6 h, highly crystalline and pure zeolite X was obtained. When the reaction time was lengthened to 12 h, pure phase of zeolite X was still observed.
Nevertheless, longer time crystallization also caused the transformation of zeolite X into sodalite. At the crystallization time of 24 h, the diffraction pattern of zeolite sodalite appeared. This is probably because sodalite is more thermodynamically stable than zeolite X, and longer reaction time favors the formation of more stable sodalite type zeolite. Therefore, a reaction time of 6 h is sufficient for the formation of high purity zeolite X.
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Morphological and structural analysis
The morphologies of the laterite residue, bauxite and zeolite X were presented in Fig. 8 .
SEM images for laterite residue and bauxite (Fig.8a, b) show particles with a wide size distribution and irregular shape. Figure (8c-d) show the low and high resolution SEM micrographs of as-synthesized zeolite X with typical octahedral structure and uniform distribution. In addition, amorphous material was hardly noticeable in the SEM images of assynthesized zeolite X, suggesting the formation of highly crystalline zeolite X. Furthermore, the XRF results show that the prepared zeolite X consists of Na, Al, Si, Fe, Mg, with a wt. % of 9.9, 14.6, 23.9, 2.6, and 1.2, respectively, and the molar ratio of Na/Al/Si falls in the region of theoretical formula of pure zeolite X, which means most of the trace impurities were removed during the fusion and hydrothermal reaction process. The N 2 adsorption isotherm at 77K and pore size distribution of prepared zeolite X are shown in Fig.9 . BET surface area of as-synthesized zeolite X was around 486 m 2 /g, a little smaller than that of the commercial one (596 m 2 /g), which may be attributed to the small fraction of impurities. Furthermore, the pore size of as-synthesized product was approximately 7 Å. All these findings suggest that high purity zeolite X was obtained at the optimum reaction conditions.
FT-IR spectra can be useful in obtaining crucial information about the structure of zeolites. Fig.10 presents the spectra of commercial zeolite X and the as-synthesized one. It can be seen that our synthesized zeolite X has almost identical spectra to the commercial one. All these observations further confirm successful preparation of high purity zeolite X.
Adsorption Properties
The representative adsorption isotherms measured at 0 °C and 30 °C for pure CO 2 and N 2 on the prepared zeolite X were shown in Fig.11 . The adsorption loadings of CO 2 and N 2 on 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 prepared zeolite X are well comparable to that of the commercial one [18] . Furthermore, the prepared zeolite X is very selective to carbon dioxide at 0 °C and 30 °C through the whole pressure range, and the equimolar selectivities of CO 2 /N 2 were shown in Fig.12 . For example, in the partial pressure region of 5-15 kPa (for individual component), the equilibrium adsorption capacity of CO 2 is about 60-115 times higher than those for N 2 at 30 °C, suggesting zeolite X prepared from laterite residue and bauxite can be a very good adsorbent for postcombustion carbon capture by vacuum swing adsorption where the partial pressure of CO 2 in the flue gases is around 10 kPa only [24, 25] . In addition, it may also be used for CO 2 removal in the process of air purification [26] .
The adsorption isotherms of CO 2 and N 2 on our zeolite X material were fit by classical Langmuir equations:
where N is the adsorbed amount (mol·kg -1 ), Mi the maximum monolayer adsorotion capacity for site i, b i the gas-solid affinity coefficient (kPa -1 ), Q i the enthalpy of adsorption (J·mol -1 ) , P the pressure (kPa), R the gas constant (J·mol -1 ·K -1 ) and T the temperature (K). N, P and T are variables. We used a dual sites model for CO 2 (i.e. i = 2) to characterize its surface heterogeneity and a single site model for N 2 adsorption (i =1). The results of the fitted parameters are shown in Table 3 with a very high goodness of fitting. The enthalpy of adsorption values derived from our model are in very close match of that reported in literature [25] . We further calculated the isosteric heat of adsorption by applying the ClausiusClapeyron equation with the Langmuir model parameters we obtained. As shown in Fig. 13 , CO 2 has a much higher heat of adsorption than that of N 2 , with a difference from 12.2 kJ/mol at low surface coverage to 11 kJ/mol at high coverage, which is responsible for the high 10 selectivity of CO 2 over N 2 on our synthesized zeolite X. These information will complement the design and simulation of vacuum or pressure swing adsorption (VSA/PSA) processes while applying our adsorbents.
Conclusion
Laterite residue and bauxite have been successfully utilized for the production of zeolite X for the first time. The optimal synthesis conditions for zeolite X were found as follows: 3.5, (B4) 3.8, where X represents zeolite X, and P corresponds to zeolite P. 
